Departments of Medicine and Psychiatry, Cornell University Medical College, Newv York) (Received for publication April 18, 1940) The purpose of these studies has been to present a new method for measuring pain thresholds, together with experimental observations on the physiology of pain and on the effect of various chemical agents upon pain thresholds.
Methods for estimating the intensity of the stimulus required to evoke a painful sensation in the skin may be classified under the headings: mechanical, chemical, electrical, and thermal. The mechanical devices as used by von Frey (1) and by Eddy (2) , involving production of pain by pressure, empirically correlated the amount of pressure and the pain threshold. The deformation and internal stresses in the tissues responsible for the sensation were not investigated, and it may not be assumed that there is a simple proportionality between the pressure and the intensity of the sensory stimulus. The chemical methods of irritating the skin have not been thoroughly explored.
The thermal methods of producing pain are among the oldest and were introduced as a method of study by Goldscheider (3) in 1884. These methods, involving application of hot objects to the skin or immersion of a member in hot water, have added little of a quantitative nature to the study of pain sense. The only method of study for which the relation of the stimulus to its physiologic and sensory effects has been investigated, is the electrical method of stimulating with Faradic current, introduced by Helmholtz (4) and studied carefully by Martin (5) . This method has been widely used, largely in the study of the action of analgesics by Martin and his co-workers and by Macht and his associates (6) . Recently, Hauck and Neuert (7) have used high frequency currents in the study of pain thresholds.
Valuable work has been done with the above methods but none of them combines the flexibility and precision necessary for some investigations. The use of thermal radiation for the study of pain has many advantages, the most important of which are:
1. The necessary apparatus is simple and easily constructed.
2. The intensity of the stimulating agent can be precisely measured.
3. The sensory threshold to pain as a result of this stimulus is a sharply defined experience so that thresholds may be determined with accuracy higher than that of other methods.
4. The method is flexible so that the time of exposure to the stimulus, the state of the skin, etc., can be varied at will.
5. The stimulus can be used for large and small areas of skin even though the surface be irregular.
6. The stimulus can be repeated in rapid succession without injury to the skin surface tested.
Radiation was first used to stimulate skin sensation by Alrutz (8) in 1897. In 1921 Sonne (9) focussed the rays of the sun onto the skin to produce pain. Neither of these authors was studying pain, although. Sonne showed that the white human could stand more penetrating radiation than non-penetrating radiation. In 1934 Dallenbach (10) used radiation to produce pain in an investigation of adaptation.
The experiments of Oppel and Hardy (11) demonstrated that the radiation technique could be applied quantitatively to the study of temperature sense, and the methods devised by these authors have been adapted to the measurement of pain thresholds. The pain is produced by concentrating the radiant energy from a powerful source onto the skin. The sensation produced is sharp, a " bright pain " (12) , and is to be distinguished from an ache or deep pain. Whereas our observations apply specifically to pain in the skin, it is probable that they have broader implications.
METHOD
The apparatus for measuring the pain threshold is shown schematically in Figure 1 .
The light from a 1000 watt lamp, L, was focussed by a condensing lens, C, through a fixed aperture onto the blackened forehead of the subject, H. The surface of the forehead to be tested was thoroughly blackened with India ink. This measure was taken to insure total absorption of the radiation, regardless of pigmentation of the skin, and to eliminate possible effects due to the penetration of the rays below the skin surface. The stimulus could thus be considered as purely thermal.
The intensity of the radiation was controlled by means of a rheostat, RH. Immediately in front of the lamp was mounted an automatic shutter, P, which was arranged to allow the radiation to pass through to the subject for exactly 3 seconds. This time interval was so short that the heating of the skin was local and effects due to conduction at the edges of the aperture could be neglected. Thus, the temperature changes in the exposed area were assured to be uniform It was necessary that the time of stimulation be fixed precisely as the pain threshold depended upon this factor. In the present apparatus P was fixed to a heavy pendulum. The shutter, S, was operated manually, and allowed stimulation of the subjects when desired.
The method of making the measurement of pain threshold was as follows: The subject seated himself and placed his forehead in position. The aperture was arranged so that 3.5 cm.2 of blackened skin could be exposed. After a minute or so the shutter, S, was lowered and the radiation allowed to fall on the skin for 3 seconds. The subject reported on his sensation. If no pain was experienced, the intensity of the light was increased and after 30 to 60 seconds the test was repeated. This procedure was followed until the subject just felt pain at the end of the exposure. This threshold pain was easily recognizable even by untrained subjects. The sensation was that of heat finally "swelling" to a distinct, sharp stab of pain at the end. When this condition had been reached the radiometer, R, was placed in the aperture in place of the forehead of the subject and the intensity of the radiation measured in gm. cal./sec./cm.2 This value was considered to be the minimum stimulus for pain and was shown to be proportional to any thermal changes taking place in the skin, whether the total change or rate of change of skin temperature or both be considered. The radiometer was calibrated by means of a radiation standard of the U. S. Bureau of Standards and also with an experimental black body.
The time required to make a single observation was usually less than 2 minutes. The maximum variation from the mean was in all cases less than 12 per cent, and several measurements agreeing within 2 per cent were made to establish a threshold. Among the physical factors which were found to influence the threshold were those which tended to increase the rate of heat loss from the skin. Sweating was found to cause a great decrease in the effectiveness of this type of stimulus. Also strong drafts and especially cold rooms had to be avoided. Circumstances which affected the condition of the skin, such as sunburn, calluses, or skin lesions, changed the level of the threshold. As the skin temperature had some influence on the threshold, most tests were made on the forehead. The forehead temperature is constant (34.0 ± 0.5°C.) over a wide range of external temperatures (20 28°C.), barring sweating from any cause.
RESULTS
The measurements of pain threshold on the 3 subjects over a period of a year are shown in The nature of the sensations resulting from irradiating the skin is of interest. In 1884 Goldscheider (3) claimed to have demonstrated that the sensation of pain or burning is not mediated by the end organs of heat. In order to make certain that in these experiments we were dealing with pain and not a strong sensation of heat, the following two experiments were performed.
In the first experiment the thresholds of pain and of heat were determined on 2 subjects. Then 1.8 grams of acetylsalicylic acid were given by mouth. The changes in thresholds for both heat and pain were followed for 4 hours (Figure 3) . The pain threshold was raised 35 per cent, whereas the heat threshold was actually lowered 55 per cent. This differential effect of the drug clearly separates the two sensations. In the second experiment it was shown that the peripheral structures mediating pain and heat sensations are entirely separate. Pain thresholds were measured on the back of the left hand and on the forehead. A sphygmomanometer cuff was then wound around the left arm above the elbow and inflated The pain thresholds on hand and forehead were followed for 35 minutes, the pressure in the cuff released, and thresholds followed until normal values were again obtained. Estimates of the amount of pain resulting from the manometer cuff were made, and the "6 + pain" just before release of the pressure represents an almost intolerable state. It was repeatedly demonstrated that after 35 minutes of ischemia, sensation in the hand had almost disappeared with the exception of pain. From this experiment it seems probable that pain and temperature are not served by the same peripheral apparatus. Figure 4 demonstrates the course of the above experiment. The solid line represents the change in threshold of the ischemic hand, and the dashed line the change in threshold of the forehead. Since the pain threshold in the ischemic arm was elevated to the same degree as that in the forehead, one may conclude that the observed effect was due to pain resulting from the ischemia rather than from the ischemia itself. It has been men- tioned above that pain induced by methods other than those involving ischemia also raises the pain threshold.
Furthermore, the above experiment indicates that pain occurring in one part of the body causes a rise in the pain threshold in the rest of the body. It also appears that the pain threshold rose with the increase in the intensity of pain from the cuff. The maximum height of this effect was between 30 and 40 per cent above the normal threshold. Also, as will be discussed in a later communication, various chemical agents raise the pain threshold (13 subject's underestimation of the pain threshold as a result of the strong sensation of heat which precedes the pain with the large areas. For the largest area, the heat stimulus was more than 400 times the threshold value; for the smallest area the sensation of heat was often not present at all. Thus, when large areas of the forehead were exposed to the radiation, the thermal sensation was so strong that experience warned that pain was imminent, and with the smallest areas in which no heat sense was present pain was felt only as a prick. It is necessary that the time of exposure be short (3 seconds or less) for this experiment in order to obtain the same heating rate for all sized areas. Figure 5 shows The pain curve ( Figure 5) shows the relationship between intensity of stimulus and area which must exist if there be no spatial summation. The existence of this relationship, however, does not prove that there is no spatial summation for pain. That is, even though enlarging the exposed area did not reduce the intensity of stimulus necessary to evoke pain, spatial summation for stronger stimuli was not excluded. Thus, 0.230 gm. cal./ sec./cm.2 may represent both the threshold of excitation for the end organs and the sensory threshold of pain, and a lower stimulus would not be expected to evoke a pain regardless of the amount of spatial summation present. This would correspond to the finding of Hardy and Oppel (14) for temperature sense with large areas. (They observed that when 200 cm.2 of surface had been exposed they could not further decrease the threshold stimulus no matter how much larger area was irradiated.) There is subjectively a " bigger " pain with 28 cm.2 than with 0.07 cm.2 of exposed surface, although the intensity of pain did not seem to be different.
In order to test whether or not spatial summation exists with supraminimal stimuli and to apply threshold measurements for such a purpose, it was necessary to administer an analgesic agent (morphine) whose action can be assumed to be central rather than peripheral. If under such circumstances there were spatial summation for these supraminimal stimuli, the pain threshold would be raised by the morphine to a smaller degree in a large area than in a small area. In other words, if increasing the size of the area exposed had had the same effect as increasing the intensity of the radiation, the morphine would have raised the pain threshold less for the large area.
The following experiment was performed on 2 subjects: Threshold stimuli were measured for areas 0.3 cm.2 and 3.46 cm.2, the latter representing more than eleven-fold increase in area. This area ratio, on the basis of the summative effects found in temperature sense, would have been ample to show spatial summation of pain if it existed. After obtaining normal thresholds, morphine was administered to the subjects and the change in threshold in these two areas was followed for 6 hours. Since morphine acts centrally, it may be assumed that pain impulses from both areas were being evoked when the stimulus was above the normal threshold and that more pain impulses were arising from the larger area than from the smaller. The results of£ the experiment are shown in Figure 6 , and it is seen that the morphine caused the same rise in threshold to pain in the two areas. Thus, one must conclude either that morphine acts to prevent spatial summation or Obviously, a similarly intense pain would result from a relatively mild stimulus over a large area were there spatial summation for pain, mitigating against the organism. Adequate provision has been made through pain to warn the organism of the approach of tissue damage without effecting a sensitiveness which would make life unbearable. It is nevertheless true that the individual is aware of multiple pains and that discomfort is increased according to the size of body area involved. For many obvious reasons a sunburn over the entire body surface will cause more distress than that over a 1 cm.2 area, even though the intensity of the pain in each case be the same. In this sense the distress of the organism must be considered as a function of both the intensity of the stimulus and the size of the area over which it is effective. SUMMARY AND CONCLUSIONS 1. A quantitative method for measuring pain thresholds in the skin by thermal radiation has been described. The method has the general advantage of measuring a physical quantity which is directly proportional to the changes occurring in the skin. The method has the further advantages of precision, simplicity of technique, rapidity of measurement, and the fact that the stimulus is innocuous upon repeated application except at high intensities. Further, any part of the skin surface may be studied and the size of the stimulated area varied at will.
2. Pain thresholds measured in this way did not vary consistently with time of day, with the general effectiveness, or the emotional state of the 3 subjects.
3. Individual threshold measurements for 3 subjects were 0.229, 0.231, and 0.233 gm. cal./ sec./cm.2 and all measurements were found to be within + 12 per cent of their respective average values. The standard deviation for a single measurement was calculated to be + 2 per cent.
4. Intense pain in any part of the body raised the pain threshold in the skin in other parts as much as 35 per cent.
5. The senses of pain and heat, which were always stimulated together, were shown to be separate sensations through the action of acetylsalicylic acid. This drug lowered the heat threshold and raised the pain threshold.
6. The peripheral structures responsible tor pain sense were distinguished from those of temperature and touch by demonstrating that occluding the blood for 25 minutes did not directly affect the pain threshold in the ischemic hand, whereas other sensations could hardly be elicited.
7. Pain sense was found to have no spatial summation in the sense that the pain threshold for many end organs was no lower than that for a few. This was observed to be the case for minimal stimuli and for supraminimal stimuli after morphine administration.
8. The intensity of radiation which produced blistering in 3 seconds was observed to be twice that necessary for the bare perception of pain. 
